Abstract: To apply Fiber Bragg Grating (FBG) sensors in the hole structural health monitoring of aircraft, this study investigates a temperature compensation algorithm based on Fourier curve-fitting, combined with an analysis of FBG layout. The results identify that the wavelengths have a linear relationship with stress and temperature and the linear correlation coefficients are all greater than 0.9. In the experiment, the temperature range was 17°C-100°C (step is 10°C) and the tensile force changed from 0 N to 10 KN (step is 1 KN). With the Fourier curve-fitting of the wavelength variation, the temperature compensation can be actualized, and the average error of temperature is 0.17°C. By integrating the algorithm in the self-developed FBG interrogation system, the real-time monitoring of stress is achieved with the average error of stress is 3.9 με.
Introduction
Mechanical joints, which incorporate bolts, rivets or location pins, are used extensively in aerospace industries particularly in aircraft. Holes are inevitable for the mechanical joints in aircraft structures, due to be easily dismantled, repaired or replaced by a new part. However, the presence of holes in these joints causes a local stress or strain rise, they are the most likely site for damage initiation due to high stress concentration [1] . On April 1, 2011, a 15-year-old Boeing 737 of United States Southwest Airlines experienced a rapid depressurization in flight caused by a 1.5-m-long crack in the fuselage lap joints. Subsequent microscope examination of the fracture faces of the ruptured skin revealed fatigue cracks emanating from 54 out of 58 rivet holes [2] . Thus, monitoring the stress around the holes is one of the crucial tasks in structural health monitoring of aircraft. There are many methods to monitor the hole-edge stress and cracks. In recent years, increasing attention has been paid on FBG sensors, due to their inherent advantages, such as high sensitivity, compact size, low cost and immunity to electromagnetic interference [3] . While, for employing the FBG sensors, there is a significant trouble need to be settled that the central wavelength of FBG sensors change with stress and temperature simultaneously. As the environment of flight is complicated and the temperature varying with the time. It is important to decouple the stress and temperature of FBG sensors to improve the precision of hole-edge stress monitoring.
As for the temperature and stress decoupling in measurement with FBG sensors, there are a lot of methods have been proposed and demonstrated. Generally, the approaches can be divided into six types. First, setting reference FBG sensor which is not affected by stress is the most direct one [4] , [5] . Second, designing appropriate layout of the FBG sensors to inhibit the influence of temperature. This method usually be utilized in the fabrication of various sensors like acceleration sensor and vibration sensor [6] - [11] . Third, separating temperature from stress with principle that the parameters of FBG reflection spectrum have different relationships with the temperature and stress [12] - [14] . Fourth, employing special kinds of FBG sensors like PANDA-FBG or All-Solid Birefringent Hybrid Photonic Crystal Fibers to decouple the temperature and stress [15] - [17] . Fifth, redesigning the structure of FBG sensors is the most studied approach, different fabrication ways and structures are proposed by researchers, some of which received high precision in temperature compensation [18] - [26] . The last kind of approach is circuit compensation, this method is still developing, which is less mature than the above technologies [27] , [28] . All methods have their own advantages and characteristics, while, they are not suitable for the application in aircraft. And they cannot actualize the decoupling of temperature and stress in real-time, as the algorithms have not been applied in into interrogation system.
In this paper, a method is proposed to decouple the temperature and stress, which provides high accuracy, low cost and easy implementation. As aluminum alloys are widely used in aircraft industry [29] , in the experiment, the aluminum plates with hole structure are utilized as the research object. According to the stress distribution of perforated plate and the force analysis of FBG sensors, two FBG sensor were pasted along the tangential direction of hole in A side, the other two FBG sensor were pasted in B side with the angle α(0 ≤ α ≤ π 2 ) of tangential direction. Then, the wavelength variations of gratings were utilized for Fourier curve-fitting. Through the comparison of fitting results, the variation of wavelength caused by temperature could be obtained. To monitor the stress of hole structure in aircraft, the compensation algorithm is implemented in the FBG interrogation system developed by our laboratory [30] . Results proved that the algorithm proposed can be integrated into FBG interrogator in practical application and has a high compensation precision.
Experimental Details

The Specimen
The 7075-T6 aluminum alloy plates with the dimension of 300 mm × 100 mm × 2 mm were utilized as specimen, with an 80 mm hole in the center. The FBG sensors with two gratings were adopted. As shown in Fig. 1 , the FBG1 and FBG2 were placed on the semicircle (0-180°) in tangential direction (A side) to monitor the stress, as the stress on the hole-edge has a symmetrical distribution and only in the tangential direction; The FBG3 and FBG4 were placed on the other side of the plate (B side) with an angle α of tangential direction. The FBG sensors were glued uniformly onto the specimen surface using liquid epoxide-resin AB adhesive.
Experimental Setup
An experimental platform was developed as shown in Fig. 2(a) , which includes FBG interrogator, computer, fatigue testing machine, aluminum alloy plate, silicon rubber heating plate, etc. The layout of FBG sensors was shown in Fig. 2(b) , eight gratings were pasted on two sides of aluminum alloy plates. FBG sensors with two gratings were selected for the test, whose Poisson ratio is 0.25, the radius is 63.5 nm, and the temperature sensitivity coefficient is 23.5 pm/°C (sensitized fiber). For the interrogation of FBG sensor, the FBG interrogation system developed by our laboratory was utilized [30] , the system was established with a FPGA+ARM integrated development platform (zynq7000). The frequency of FPGA is 100 MHz, the ARM is a dual-core processor and the frequency of each core is 866 MHz, the interrogation precision is 0.5 pm. The tensile force was applied to the aluminum alloy plate by the fatigue testing machine of the MTS Systems Corporation produced in the United States, the model number is MTS809, and the experiment under the 0∼10 KN tension with the step of 1 KN. The temperature control adopted the silicon rubber heating plate and the high precision temperature controller. The tensile tests and measurements were carried out at room temperature (17°C) to 100°C in steps of 10°C (17°C, 30°C, 40°C , . . . , 100°C). In the experimental setup, the fatigue testing machine is utilized to apply different tensile force on the aluminum alloy plate, the silicon rubber heating plate is utilized to control the temperature of the hole edge. With the devices, the hole structure can under the action of different stress and temperature, thereby the temperature stress decoupling algorithm can be studied.
Results
The Stress and Temperature Response
The wavelength variations of FBG sensors vary with the angle α, as shown in Fig. 3 (the force is  10 KN) . The difference of wavelength variations increasing with the angle (0 ≤ α ≤ π 2 ), to make the results more distinct, α is fixed at 90°in this paper. The temperature and stress response are shown in Fig. 4 . Fig. 4(a) shows the wavelength variation when the FBG sensors under the stress-free condition; Fig. 4(b) shows the wavelength variation when the FBG sensors only changed with the force (under room temperature). The wavelength has a good linear relationship with the temperature and stress, as the linear correlation coefficient R-square (R 2 ) are all greater than 0.9.
The Fourier Curve-fitting
The wavelength variation can be fitted by Fourier curve, as Equation (1) shown. Table 1 . R 2 are all greater than 0.98, SSE and RMSE are all smaller than 0.2, which mean that Fourier curve-fitting has a very good effect, and the fitting curve can be utilized to indicate the distribution of stress at the hole-edge.
The Temperature Compensation
The wavelengths of FBG are changed with stress and temperature, the cross sensitivity can be expressed by Equation (2) .
where K ε and K T are the sensitivity coefficient of stress and temperature, respectively; ε and T are the variation of stress and temperature, respectively; λ is the initial center wavelength; λ is the wavelength variation when FBG sensor is affected by stress and temperature. According to Fig. 3 , the wavelength variations of two FBG sensors are not equal when the holeedge is subjected to force. If there is a position brings λ FB G 1 = λ FB G 2 , it means the position is not affected by the stress and the wavelength variation is only caused by temperature. Therefore, with the Fourier curve-fitting of wavelength variation, by making λ FB G 1 = λ FB G 2 , the location under stress-free condition can be found. Supposing that the angle of this location is ϕ 0 , by combing the Equation (1) and (2), the temperature variation can be calculated by Equation (3).
The fitting results at the temperature of 30°C, 70°C and 100°C are shown in Fig. 6(a) , the intersections of the fitting curves indicate the wavelength change caused by the temperature. According to Equation (3), temperature compensation results under different forces and temperatures are shown in Fig. 6(b) , and the average temperature error calculated is 0.17°C.
The Algorithm Actualization in FBG Interrogation System
For the practical application of monitoring the stress of hole structure in aircraft, the compensation algorithm is implemented in the FBG interrogation system developed by our laboratory, which is depicted in Fig. 7 . It was composed of optical and circuit parts, and can actualize the interrogation of four FBG sensors. This system is easy to modify, and the functions can be customized according to the requirements. Thus, it is the best choice to realize and verify the effect of the decoupling algorithm described in this paper. The introduction and details can be found in the reference [30] .
When using the interrogator with compensation algorithm to monitor the stress on the holeedge, the actual effects of the temperature compensation of the method described in this paper were compared, the results of grating 6 are shown as Fig. 8 . It can be seen from Fig. 8(a) , the wavelength variation of FBG sensors associated with temperature and force, while after applying the temperature compensation algorithm, the central wavelengths of FBG is only affected by force and the average wavelength error after compensation is 5.8 pm.
A performance research related to the system by experiments in different temperatures and tensile forces was introduced. The temperature was set from 0°C to 100°C in steps of 10°C, the sinusoidal tensile forces was applied with the amplitude is 10 KN and the frequency is 0.1 Hz. The stress results measured by interrogation system is shown in Fig. 9 and the average error of stress is 3.9 με, which proved that the algorithm can be integrated into FBG interrogation system in practical application and has a high compensation precision.
Conclusions
In this report, a temperature compensation method based on Fourier curve-fitting has been proposed, under the background that the hole structure of aircraft has a stress concentration phenomenon and is easy to crack. The experimental results show that the wavelength variation of FBG sensor has a good linear relationship with the temperature and stress. By comparing the fitting results with the Fourier curve-fitting of the wavelength variation, the wavelength variations caused by temperature were acquired. In order to verify the performance of this method, an aluminum alloy plate with a diameter of 80mm circular hole was utilized as the research object, with the temperature range was 17°C-100°C and tensile force changed from 0 N to 10 KN. According to the fitting results of different stress and temperature, the temperature is compensated and the average error of temperature is 0.17°C. By implementing the algorithm into FBG interrogation system and applying the sinusoidal tensile forces, the real-time monitoring of stress was achieved and the average error of stress is 3.9 με. As the temperature compensation algorithm based on Fourier curve fitting is simple and has a high precision, it is of great significance to the health monitoring of the holes structure in aircraft using FBG sensors.
